A cell line of Eschscholza calfhornka selected for meta-fluorotyrosine (MFT) tolerance was found to have 10-fold increased levels of phenylalanine and tyrosine compared to the parent line, while most other amino acids were only increased 2-fold. Tracer experiments with shikimic acid in the presence of MFT showed that the biosynthesis of the aromatic amino acids was not impaired in the tolerant line. Feeding experiments with phenylalanine, tyrosine, or shikimic acid also revealed a reduced tumover of the pools of the aromatic amino acids in the variant. Thus undisturbed de novo biosynthesis of the aromatic amino acids and dilution of toxic effects of MFT by the enlarged pool sizes seemed to be the main reason for the acquired tolerance. Despite the enlarged availability of the precursor tyrosine, formation of the benzophenanthridine alkaloids was enhanced neither in the growth nor in the production medium.
Benzophenanthridine alkaloids have often been found in cell cultures of Papaveraceae (3, 6, 11, 14, 17) . The levels accumulated by cells of freshly initiated cultures are sometimes rather high with up to 6% of dry mass (4) . With time, however, expression of benzophenanthridine biosynthesis usually decreases greatly and consequently aLkaloid levels of long term suspension cultures are low. Several techniques have been employed to return the alkaloid formation in such cultures to the former levels. Successful avenues in this context were media variation (e.g. osmotic stress) (3), the use of microbial elicitors (6, 14) , and analytical screening for fluorescent cells (15) . As Tyr is the primary precursor of the benzophenanthridine alkaloids, we wanted to check whether overproduction of Tyr would also help to increase alkaloid accumulation of the cells when maintained on the growth medium or under cultural conditions favoring alkaloid formation. We have chosen for this purpose a suspension culture of Eschscholtzia californica which had been maintained for more than 6 years in liquid culture and was still producing low levels of dihydrobenzophenanthridines.
Variants with an enhanced accumulation of a desired ' Present address: Institu fir Biochemie, Biologische Bundesanstalt, Messeweg 11/12, D-3300 Braunschweig, FRG. 2 sabbatical leave at the GBF. 1299 amino acid may be found by selecting for cell lines tolerant to the corresponding amino acid analogs (18) . A rather specific analog for finding a variant with increased levels of free Tyr seemed to be MFT3 provided that Tyr is synthesized via the arogenate pathway (7, 13) . Though the arogenate pathway seems to be operative in many, if not all plant families, selection of MFT-tolerant cell lines has not yet been reported.
Here we wish to describe a first characterization of an MFTtolerant cell line of E. californica.
MATERIALS AND METHODS

Plant Material
Maintenance and some characteristics of the WT cell line of Eschscholtzia californica have been described recently (3, 10) . Since then the culture has slightly changed in color from reddish brown to grey brown and the accumulation by cells of benzophenanthridine aLkaloids on the growth medium has decreased by about 50%. From this culture, continuously maintained in liquid medium for more than 6 years, selection was started in liquid medium (50 flasks with 2 g fresh mass/ 70 mL B5-medium containing 0.5 mM MFT). The most tolerant cell line, EC4, has been subcultivated at 10 d intervals on B5-medium with 0.5 mm MFT for about 2 years before analysis. WT cells and EC4 cells were harvested on fritted glass funnels, and defined amounts of cells were inoculated into the respective media. For increased alkaloid formation, cells were transferred to the production medium IM2 (3).
Uptake Studies
The uptake ofMFT by the cell was measured either directly by determining the levels of MFT in the medium by HPLC ofits OPA-derivative (5) 
RESULTS
Effects of MFT in Eschscholtzia Cells
For the characterization of MFT-tolerant cell lines it was ofinterest to know (a) how MFT was taken up by the sensitive WT, (b) whether it was metabolized/detoxified, and (c) whether it was incorporated into protein. WT cells rapidly absorbed MFT from the medium ( Table I) . As the disappearance of added Tyr resembled the absorption pattern of MFT, it was assumed that Tyr and its analog were transported by the same mechanism into the cells. Thus, uptake of labeled Tyr could be used as an indirect but reliable and easier measure for the uptake of MFT than direct measurement by HPLC after derivatization of MFT with OPA.
Initially, the cell extracts were analyzed by GC-MS analyses. However, the uptake of MFT from the medium was higher than its accumulation within the cells which indicated that MFT was metabolized. The levels of MFT-metabolites detected by GC-analyses in the amino acid fraction and the organic acid/neutral fraction showed that their amounts were too low to account for the difference. 4-Fluorotyramine was clearly identified while other small peaks were tentatively assigned to 3-fluoro-4-hydroxyphenylacetic acid and the corresponding alcohol. As the GC-MS analyses provided only an incomplete picture of MFT derived metabolites, cell extracts were analyzed by "9F-NMR-spectroscopy (Fig. 1) . Broad band 'H decoupled '9F-NMR spectra of the extracts, taken at various times during the growth cycle, showed increasing complexity as growth progressed. The intensity of the singlet of MFT gradually decreased and new singlets appeared in the region associated with fluorine in aromatic systems. No nonaromatic metabolites containing fluorine were detected. As the "9F chemical shift is particularly sensitive to long-range Table I . Uptake of MFT from the Medium and Its Accumulation in WT Cells of E. californica
The initial amount of MFT was 2.5 ,Amol added to flasks containing 1 g cells/10 mL medium. MFT levels in the medium and the cell extracts were measured by HPLC after derivatization with OPA. 1 ,uCi tyrosine (450 mCi/mmol) were added as tracer. (Fig. 1) . This is an indication that intermediates in the metabolic pathway were being observed. The disappearance of MFT from the medium and its conversion depended upon the toxicity of the initial concentration. A small proportion of MFT was incorporated unchanged into the residue. The highest specific incorporation was found at growth inhibitory concentrations (0.1 mmol MFT were added to 6.5 g cells) with 0.8 ,mol/100 mg freeze dried residue). In this experiment the ratio tyrosine:MFT in the residue was 5:1 and remained stable over the next 7 d. '9F NMR spectroscopy of the hydrolyzed residue showed only one signal for MFT. If any metabolite of MFT occurred as a bound residue it was not solubilized by the hydrolysis with 6 N HC.
Selection of MFT-Tolerant Eschscholtzia Cells
The initial experiment showed a good reversal ofthe growth inhibitory action of MFT by L-Tyr (Table II) . This result indicated not only that MFT behaved like a true analog in Eschscholtzia but also that the arogenate pathway should be operative in this cell culture. Arogenate dehydrogenase may thus be the target for the growth inhibitory action of MFT (7) . On the other hand, the toxic action of MFT was also noticeably relieved by Phe (Table II) . Selection was started with 7 mg DL-MFT/2 g biomass/70 mL medium (0.5 mM). Very little growth was observed during the first 10 to 15 d. However, after 6 to 8 weeks some growth was noted in nearly all 50 flasks. During the next two passages ofthe 25 flasks with the highest biomass increase, 7 lines were detected which showed in the presence of 0.5 mm MFT, a similar growth rate to that of untreated WT cells. When these cells were transferred to 1 mM MFT, 4 lines showed distinct growth during the first 10 d. One ofthese lines was the tolerant line EC4 described here.
The extent of tolerance of the EC4 cells is given in Figure  2 . After 11 growth cycles (4 months) in the absence of MFT, the tolerance ofEC4 to the analog was not distinctly decreased and comparable to that of Figure 2 
Comparison of the Free Amino Acid Pools
The content of free amino acids of both cell lines was repeatedly analyzed during the growth cycle. Phe and Tyr levels were between 5-and 15-fold higher in EC4 cells than in WT cells. To obtain a representative picture (Table III) aliquots of samples taken on four different days were pooled. Indeed the pool of free Phe of EC4 became the second highest of all amino acids followed by Tyr. As the levels of many other amino acids were also increased in EC4 cells, the total of free amino acids was usually twice that of WT cells. In general, the relative increase of Tyr and Phe surpassed those of the other amino acids. (Table IV) . While their absorption was quite similar for both cell lines, distinct metabolic differences were indicated by the different recoveries of radioactivity in the MeOH-extracts. The differences were clearly assigned to the amino acid fraction. While in cell extracts of WT cells a rather small proportion of the added amino acids were recovered unmetabolized (about 5% of Phe and 8% of Tyr taken up), the amino acid extracts of the EC4 cells contained a 5 to 6 times higher percentage of absorbed radioactivity unchanged (about 30% of Phe and 50% of Tyr). This indicated that the turnover of the aromatic amino acid pools were greatly reduced in EC4 cells (Table IV) .
The turnover of Shi into the amino acids, however, showed no distinct difference. If one assumes that the label of Shi in the amino acid fraction and in the residue (protein and polyphenolics) accounts for the turnover in that direction, then 50 to 60% of Shi taken up in both lines was incorporated into the amino acids during the 36 h feeding period (Table  IV) . HPLC-separation of the fractions of the Shi tracer experiment showed that more than 90% of the radioactivity of the organic acid/neutral fraction was Shi. In the amino acid fractions about 90% were in Phe and Tyr in a ratio 2:1. The reduced use of the labeled amino acids by EC4 cells was also clearly demonstrated in the Shi feeding experiment (Table  IV) .
Similar Shi feedings were also performed with WT and EC4 cells which had been preincubated for 9 h with MFT or PFP ( Table V) . The difference between the two cell lines is readily seen by the different uptake of Shi in the presence of MFT. While the uptake of Shi by EC4 cells was not reduced by MFT (Table V) , the toxic effect of MFT on WT cells is clearly seen by the low absorption of Shi, resulting in a distinctly lower formation of labeled amino acids. The increased tolerance ofEC4 cells to PFP may also be recognized by the almost unimpaired uptake of Shi. When the radioactivity in the amino acid fraction and the residue (protein) is taken as a measure of the incorporation of Shi into Tyr and Phe, then its metabolism was not reduced by the analogs in EC4 cells, with 50 to 60% of the label being converted. In WT cells the conversion of the low amounts of absorbed Shi was distinctly reduced by 40% but not completely inhibited. Under the experimental conditions, the analogs thus affected the total formation of amino acids from Shi but had only a minor effect on the specific conversion rate of the absorbed Shi.
Metabolism of MFT
As MFT was metabolized into a number of derivatives by WT cells (Fig. 1) , it was of interest to see whether this capability was enhanced in EC4 cells. A long-term experiment was performed to obtain some information about the metabolic fate of MFT in EC4 and WT cells (Fig. 3) . WT cells showed no growth during the first 12 d under these conditions. Nevertheless, despite the apparent growth inhibition, about 70% of MFT was absorbed by the sensitive cells during this period. Both cell lines were analyzed by GC-MS analyses. High levels of MFT (semiquantitative measurements indicated 60% and more ofthe amounts taken up) were recovered from EC4 cells unchanged, while the MFT levels were always extremely low in WT cells, never exceeding 10 to 20% of the absorbed amounts. The lowered metabolism of MFT by EC4 cells thus resembled the lowered turnover of the natural aromatic amino acid pools in this line. As the qualitative spectra of MFT metabolites measured by GC-MS of both lines were similar, it may be concluded that the quantitative differences of MFT conversion resulted from the different pool sizes of Tyr.
Incorporation of MFT into protein of WT cells was found to be low under growth inhibitory and noninhibitory conditions (see above). Several random protein hydrolysates of MFT-fed EC4 cells were analyzed for incorporation of MFT. The highest incorporation of MFT into protein of growing EC4 cells was roughly eightfold lower than the highest value found for WT cells.
Alkaloid Formation by the Cell Lines
To see whether the increased presence of free Tyr helped to stimulate the alkaloid production ofthe variant line, several experiments were performed to compare the alkaloid accumulation of both cell lines (Fig. 4) . The measurements clearly demonstrated that WT cells with their rather low levels offree Tyr accumulated more alkaloids in both the growth and the production medium, where alkaloid synthesis was distinctly stimulated and thus a higher need for Tyr was necessary. Various biotic and abiotic elicitors stimulated the alkaloid formation to some extent in both lines (data not shown). However, in no case was the alkaloid accumulation of WT cells surpassed by EC4 cells. 
DISCUSSION
MFT has been shown to be an extremely effective analog ofL-Tyr which acts as an inhibitor ofarogenate dehydrogenase (7) . Consequently, it has been suggested that MFT tolerant variants overproducing Tyr may be isolated as a consequence of an altered feedback control of arogenate dehydrogenase (7, 13) . The present results for the first MFT tolerant cell line, however, show that the variant EC4 cannot be the result of only one biochemical alteration in the Tyr branch of the arogenate pathway. If only free Phe and Tyr levels were increased, one would expect that the alteration would be restricted to the biosynthesis of the aromatic amino acids. The enhanced levels ofother amino acids (Table III) (2, 8) . Our feeding experiments gave no indication that there was a distinct difference in the absorption of the amino acids and MFT by both lines and apparent differences were mainly due to the physiological state of the cells. All the data at hand support the interpretation that EC4 cells became tolerant due to the enlarged Tyr pool which was probably formed by increased synthesis. However, the present results do not establish unambiguously the basis of the tolerance and amino acid overproduction and, thus, alternative reasons (e.g. altered metabolism) have still to be considered as long as the enzymological basis for the enlarged pools has not been established. According to our interpretations of the data, comparative analyses of the enzymes of the arogenate pathway of WT and EC4 cells seem to be the most logical initial step in the further characterization of EC4.
The main intention of our selection was to see whether overproduction of primary precursors helps to increase the formation of desired secondary metabolites. A similar trial was performed for stimulating the alkaloid formation of Catharanthus cell cultures by increasing the internal availability of trytophan (16) . The negative outcome of that experiment could be explained by the failure to provide simultaneously sufficient secologanin for monoterpene indole alkaloid synthesis. In the case of benzophenanthridine alkaloids the conditions seemed to be simpler, as these alkaloids are formed from Tyr as sole primary precursor. However, the enlarged pools of Tyr in EC4 cells did not cause an increase in alkaloid accumulation over that of WT cells under any experimental conditions. This might be explained if the oversynthesized Tyr did not reach the compartment for alkaloid biosynthesis. However, from biochemical comparisons of high and low producing cell culture systems (1) it may also be deduced that the presence of higher enzyme activities of the corresponding biosynthetic pathway is also important for the productivity of a cell line. As alkaloid formation was even lower in EC4 than in WT cells, it may be assumed that the selected line had a lower potential for alkaloid biosynthesis and could not use the excess Tyr. This result shows that precursor supply provided by feeding or by increased internal synthesis alone is not sufficient to improve productivities of cell cultures.
